AIM To describe the development of bimanual performance among young children with unilateral or bilateral cerebral palsy (CP).
Knowledge of expected development among children with cerebral palsy (CP) is desired by parents and professionals to understand the children's short-and long-term needs. 1, 2 Despite limited manual abilities among all CP subgroups, development of hand function over time is scarcely explored. [2] [3] [4] [5] [6] [7] The manual abilities of children with CP are commonly classified by the Manual Ability Classification System (MACS), 8 and the Assisting Hand Assessment (AHA) 9 is often used to describe how children with unilateral CP spontaneously use their affected hand during bimanual activities. 10 Longitudinal studies among Swedish children with unilateral CP, 18 months to 12 years of age, showed that those classified in the highest MACS level (level I), or those with better performance on the AHA at 18 months of age, seem to reach a higher maximum level of bimanual performance and have a more rapid development than children with poorer manual abilities. 2, 7 No study has described the development of bimanual performance among children with bilateral CP, as until recently there has been no test available to measure this. 11 The Both Hands Assessment (BoHA) is a new assessment, developed from the AHA, to measure spontaneous hand use during bimanual performance among children with bilateral CP. 12 Two small studies on development, which included children with bilateral CP, reported changes of unimanual hand motor capacity on basic tasks, such as finger-tapping and grasping. 13, 14 Furthermore, change of hand motor capacity and movement quality, measured by the Peabody Developmental Motor Scale and the Quality of Upper Extremity Skills Test, were reported across a 10-month period during an intervention study for children with unilateral or bilateral CP, aged 16 to 70 months. 6 Less improvement and even declining rates of development were seen in the oldest children, particularly among those with bilateral CP. Knowledge of how bimanual performance develops both among children with unilateral and bilateral CP is important for prognostic purposes, and for the planning and evaluation of interventions.
In this study, the overall aim was to describe the development of bimanual performance in children with unilateral or bilateral CP during early childhood. More specifically, we investigated whether the developmental trajectories for children within these two CP subgroups differed between MACS levels I, II, and III, and between levels of bimanual performance on the AHA or the BoHA at 18 months of age. Additionally, developmental trajectories were compared between children with bilateral CP, according to the magnitude of side difference between the hands.
METHOD Design and procedure
The study was population-based and part of the larger project Habilitation Trajectories, Interventions and Services for Preschool Children with Cerebral Palsy (CPHAB). The study included data from the national Cerebral Palsy Follow-up Program (CPOP) and the Cerebral Palsy Register of Norway (CPRN), which comprise 90% of the total Norwegian population with CP. 15 The study had a prospective longitudinal cohort design. From January 2012 to December 2014, young children who were newly registered to the CPOP/CPRN were recruited to the CPHAB from 17 out of 21 regional paediatric rehabilitation units nationwide. The population was previously described with baseline data in Klevberg et al. 16 The AHA and BoHA were used as outcome measures, and because of the nature of the test sessions involving bimanual play, the measures could only be used with children classified in MACS levels I to III. Inclusion criteria for this study were therefore newly recruited children to the CPOP/CPRN who were classified in Mini-MACS/MACS levels I to III and who had two or more AHA or BoHA assessments.
Participants
From a population of 165 eligible children, 102 (62%) with a median age of 28.5 months at the first assessment (interquartile range [IQR] 16mo, range 18-59mo) were included in the study (Fig. S1 , online supporting information). Sixty children were classified with spastic unilateral CP and assessed with the AHA, and 42 were classified with bilateral CP (including spastic, dyskinetic, and ataxic types) and assessed with the BoHA. The children were assessed half-yearly on 329 occasions (median 3.0 times, IQR 1.0 times) from recruitment until June 2016. The children were followed for a median of 14.5 months (IQR 10.5mo, range 5-51mo), and the median age at the last assessment was 47 months (IQR 18mo, range 24-81mo) (Table SI, online supporting information). The characteristics of the participants and non-participants are presented in Table I . In the group of non-participants, there was a somewhat larger proportion of children classified in MACS level I both among children with unilateral and bilateral CP, compared with the participating group. All participating children had access to the regular public rehabilitation services, as described in a previous publication on the same cohort. 17 Parents signed informed consents, and the study was approved by the Regional Committee for Medical and Health Research Ethics of South-Eastern Norway (registration number 2013/178) and the Data Protection Officer of Oslo University Hospital.
Classification of manual abilities
The children's ability to handle objects in everyday activities was classified by the MACS for children aged 48 months or older and the Mini-MACS for children younger than 48 months. The MACS and Mini-MACS classify children's manual abilities on five levels, ranging from level I (highest abilities) to level V (most limited abilities). 8, 18 Excellent validity and reliability have been shown for both the MACS and the Mini-MACS. 8, 18 In this paper the term MACS will be used for both instruments. Experienced occupational therapists classified the children at each assessment; if the levels changed during the study period, the last MACS level was used.
AHA
The AHA is a video-based, standardized, and criterionreferenced test, developed to measure and describe how children with unilateral CP spontaneously use their affected hand together with the dominant hand during bimanual play. 9 The small-kids AHA version 4.4 was used, in which performance is scored on 22 items by a 4-point rating system. Total raw scores were converted to a 0 to 100 logitbased AHA unit scale, in which higher values indicate higher abilities of bimanual performance. 19 The AHA is responsive to change, and is a valid and reliable assessment tool for children with unilateral CP aged 18 months to 12 years. 9 Certified AHA-raters in the rehabilitation units administered and scored the tests, and a change of at least 5 AHA units (the smallest detectable change) was considered a true change with 95% certainty. 19 
BoHA
The BoHA is newly developed to measure and describe how children with bilateral CP, classified in MACS levels I to III, spontaneously use both hands during bimanual activities. It is video-based and scored on 11 unimanual and 5 bimanual items by use of a 4-point rating scale. 12 The total bimanual performance measure is expressed as logit-based BoHA units on a 0 to 100 scale. Strong internal scale validity and item and person reliability have been found, indicating that BoHA measures can be used to compare effectiveness of bimanual performance in children with bilateral CP, regardless of degree of asymmetric or symmetric hand use. 12 Asymmetric hand use was defined as obtaining a difference of at least 20% between the dominant and non-dominant hand on the unimanual items subscore. Occupational therapists in the rehabilitation units administered and video recorded the BoHA play sessions for later scoring. The first author (GLK) scored all videos according to the BoHA b version 1.1, and to test interrater reliability one video for each participant was scored by a second rater (AKE) (intraclass correlation coefficient 0.95, 95% confidence interval 0.90-1.0, p<0.001). Test-retest reliability and responsiveness to change have not been investigated for the BoHA, and the smallest detectable change has thus not yet been established. Nevertheless, the Rasch analysis identified seven different performance levels, which indicates a good potential for responsiveness to change. 12 
Data analysis
Descriptive statistics were performed with SPSS statistical software version 22 (IBM Corp., Armonk, NY, USA), whereas analyses for the repeated measures were performed with the statistical software R version 3.2.0 (www.R-projec t.org).
Nonlinear mixed-effects models were used to estimate developmental trajectories, with separate models for the AHA and the BoHA. Sensitivity analysis showed that the model estimates were very similar if only children with at least three assessments were included (results not shown); models were therefore fitted for all children with a minimum of two assessments.
The developmental trajectories were first modelled by age and the intercept treated as fixed, with an estimated score of 0 for all children at birth. Visual inspection of the individual curves indicated that a 'stable limit' model was most appropriate, and all estimations were performed according to the procedure described by Holmefur et al.: AHA or BoHA=limit À (limit À start)9exp (Àrate9age). 2, 7 In this model, the 'limit' represents the maximum level of AHA or BoHA performance estimated by the model to be achieved and sustained at older ages. To describe how quickly the children increased their performance before reaching their limit, the 'rate' parameter was estimated.
The rate values were transformed to a parameter e Data reported by the child's physician and retrieved from the CPRN (n=35), or reported by parents and retrieved from the CPHAB (n=68).
f Data reported by the child's physician and retrieved from the CPRN (n=89), or reported by parents and retrieved from the CPHAB (n=12).
g Data reported by parents and retrieved from the CPHAB (n=98).
h Reported by occupational therapists in the Cerebral Palsy Follow-up Program and retrieved after the last assessment.
i Ten children with spastic UCP performed both constraint-induced movement therapy (CIMT) and bimanual intensive movement therapy (BIMT). Seven children (UCP: n=4; BCP: n=3) received both botulinum neurotoxin-A and CIMT or BIMT. Six children (UCP: n=3; BCP: n=3) received botulinum neurotoxin-A and no intensive training. UCP, unilateral cerebral palsy; BCP, bilateral cerebral palsy; NA, not applicable; Mini-MACS, Mini-Manual Ability Classification System; MACS, Manual Ability Classification System. describing the age when the children reached 90% of their limit on the AHA or the BoHA, known as age-90. 20 The mean limits, rates, and age-90 were compared between groups by a two-sample Student's t-test, with the significance level set at p<0.05.
The MACS levels were used as grouping factor for both AHA and BoHA measures in the first model, and in the second model the children were grouped by their observed or estimated AHA or BoHA units at 18 months of age (AHA-18 or BoHA-18). Three levels of AHA-18 performance were used, following the rationale reported in Nordstrand et al.: high (63-100 units), moderate (39-62 units), low (0-38 units). 2 For the BoHA, cut-off values for dividing BoHA-18 units into three levels have not been established. Therefore, the children were split into two equal-sized groups, where the 'high' group included children with observed or estimated performance above the median of 44 BoHA-18 units, and the 'low' group with BoHA-18 units at the median or lower. For BoHA data, a third model was fitted with asymmetric hand use as the grouping factor. Since the MACS levels and the AHA-18 groups are ordinal data, comparisons were made between each successive level.
RESULTS
Bimanual performance improved with increasing age for both children with unilateral and bilateral CP, but there was a large variability of performance in both subgroups (Fig. 1) . The highest performance limit on both assessments was found for children in MACS level I (Table II) .
Developmental patterns of bimanual performance in children with unilateral CP For the 60 children with unilateral CP the median change of observed AHA units between the first and the last assessment was 6.0 (IQR 11.0), with the largest improvement among children classified in MACS level III, and the smallest for MACS level I (Table SI) . Thirty-three children improved their observed performance equal to or above the smallest detectable change (range 5-34) between the first and the last AHA assessment. Twenty-four children (classified in MACS levels I or II) changed their performance less than the smallest detectable change. Three children (all classified in MACS level II) had a decreased performance equal to or above the smallest detectable change (range À5 to À8). All children classified in MACS level III had a positive change of 10 AHA units or more. As shown in Tables II and III, the mean limit of performance on the AHA for children classified in MACS level I was 85.7 units, which was significantly higher (p<0.001) than the limit for children classified in MACS level II (70.2 units). The difference between MACS levels II and III was not significant (p=0.733). Furthermore, the children classified in MACS level I had the most rapid developmental rate and were estimated to reach their age-90 on the AHA at 30 months of age, compared with 57 months and 155 months for children in levels II and III respectively. Asymmetry defined as ≥20% difference between the dominant and non-dominant hand on the unimanual items subscore of the BoHA. Age-90, the age when the children reached 90% of their limit on the AHA or the BoHA; CI, confidence interval; Mini-MACS, Mini-Manual Ability Classification System. Children grouped into a symmetric or asymmetric group, on the basis of a difference of ≥20% between the hands on the unimanual items subscore of the BoHA. Age-90, the age when the children reached 90% of their limit on the AHA or the BoHA; CI, confidence interval; Mini-MACS, Mini-Manual Ability Classification System.
Although the rate parameter was significantly different between all the MACS levels, the differences of the age-90 were only significant between MACS levels I and II. The variability of the age-90 was particularly large for the five children classified in MACS level III (Fig. 1) .
Children in the high AHA-18 group had a significantly higher limit of performance than those in the moderate group (p<0.001), yet the difference was not significant between the moderate and the low groups (p=0.842). For the developmental rates, however, the difference was significant between all three AHA-18 groups, and children in the highest group reached their age-90 at 23 months of age, compared with 36 months and 112 months for those in the moderate and low groups respectively (Fig. 1) .
Developmental patterns of bimanual performance in children with bilateral CP
For the 42 children with bilateral CP the median change of observed BoHA units was 4.0 (IQR 5.0), and although small differences were found, the largest change occurred among the children classified in MACS level I (Table SI) . Nineteen children improved their observed bimanual performance equal to or above 5 units on the BoHA between the first and the last assessment (range 5-15). The remaining children (n=23) who changed their performance less than 5 BoHA units (range À2 to 4) were classified in all three MACS levels. For children classified in MACS level I, the estimated limit of performance was 76.4 units, which was significantly higher (p<0.001) than for children classified in MACS level II (58.6 units), which again was significantly higher (p<0.001) than the limit for children in MACS level III (47.3 units) (Tables II and III) . The difference between the rates of development was significant between MACS levels II and III; however, the estimated age-90 on the BoHA was approximately 30 months for children classified in all three MACS levels (Fig. 1) .
For children in the high BoHA-18 group, the estimated limit of performance was 73.1 units, which was significantly higher than children in the low group (48.6 units; p<0.001). Children in the high group also reached their age-90 somewhat earlier (p=0.039), with a difference of 1.12 months between the groups (Tables II and III, and Fig. 1) .
There was also a significant difference (p=0.003) between children with symmetric (n=29) or asymmetric (n=13) hand use for the limits of performance, as children with symmetric hand use reached an estimated limit of 65.1 units, whereas the limit for those with asymmetric hand use was 51.3 units (Tables II and III) . There was no significant difference for the rate or age-90 between the groups (p=0.319).
DISCUSSION
In this population-based sample of children with unilateral or bilateral CP, the children generally increased their bimanual performance by age.
For children with unilateral CP, previous studies have shown that bimanual performance at an early age (AHA-18), and the children's MACS levels, may predict future development of bimanual performance. 2, 7 Our results support these former findings, as the children in MACS level I reached the highest limit of bimanual performance and had a more rapid development than the children classified in MACS levels II and III. The large variability in performance and the small number of children (particularly of those classified in MACS level III) must be noted; hence, the results must be interpreted with some caution. Nevertheless, the children with the highest initial performance on the AHA also reached the highest bimanual performance limit and reached 90% of their limit at the earliest age (23mo). The children with moderate or low initial performance reached similar limits of performance, but those in the moderate group reached their age-90 at an earlier age (36mo). From a clinical perspective, the three AHA-18 levels are useful, as they discriminate between children who mostly use active grasps efficiently (high level), mostly use active grasps but sometimes inefficiently (moderate level), or mostly use passive grasps or no grasp (low level). 2 Also for children with bilateral CP, our findings support the notion that early performance is important for later development, as the children who performed above the median at 18 months of age reached the highest limits on the BoHA. Thus, our results indicate that an important predictor of bimanual development among both children with unilateral and bilateral CP may be the early performance. In line with previous research, 2,7 our results indicate that the early ability to spontaneously use active grasps with the affected hand may be particularly important for bimanual development among children with unilateral CP. The predictive role of early grasping ability and other hand function characteristics for the development of bimanual performance should be investigated in future studies among both CP subgroups. The significant differences between the performance limits for the three MACS levels indicate that the BoHA is able to distinguish between various ability levels. However, the change of performance over time in the children with bilateral CP was small, and they already reached 90% of their estimated BoHA limit at approximately 30 months of age. It is not known whether the BoHA is sensitive enough to detect the changes in bimanual performance that may occur in these children, or whether the children in fact do change their bimanual performance to a limited extent. Future studies are needed to further investigate the measurement properties of the BoHA, as well as possible developmental changes in hand function among children with bilateral CP after 30 months of age. In addition, it should be investigated whether early intervention in children with bilateral CP can expand the limits of performance for children with bilateral CP classified in various MACS levels.
Children with bilateral CP and symmetric hand use reached higher limits than those who had asymmetric hand use, supporting the findings of our previous cross-sectional study, where children who had a difference of 20% or more between the hands on the unimanual BoHA subscales scored lower on the test. 16 The influence of asymmetric hand use for bimanual development among children with bilateral CP needs to be explored further, along with exploration of performance characteristics of the dominant versus non-dominant hand during bimanual activity.
Although several evidence-based upper limb interventions are well established for children with unilateral CP, such interventions are scarcely explored among children with bilateral CP. 21 A large proportion of the children with unilateral CP in our study had performed intensive training, and it is unknown whether this has influenced the developmental trajectories. Such intensive training should be viewed as part of current practice for Norwegian children in this CP subgroup. 17, 22 Despite knowledge of treatment effects, the long-term effects of intensive hand training for children with unilateral CP is inconclusive. 23 And for children with bilateral CP, the effect of hand training is unknown. The role of intensive training on the development of bimanual performance in our cohort will be explored in a future study.
The population-based sample, and the inclusion of children covering the whole performance range of the two tests, give strength to this study and allows some generalization of the results. The somewhat larger proportion of children classified in MACS level I in the non-participants compared with the participants is probably because of those with the mildest impairments being harder to access in research, and we were particularly successful in recruiting children classified in MACS level II. Few children were assessed on more than three occasions and at older ages.
A somewhat surprising result was that children with unilateral CP classified in MACS level III improved more than those in MACS levels I and II, whereas the trend was reversed in children with bilateral CP. This result may be due to the few (five) children with unilateral CP classified in MACS level III, with low age at first assessment. Furthermore, some children classified in MACS level III may actually belong to MACS level II, and vice versa, both among children with unilateral and bilateral CP. It has been suggested that the Mini-MACS may be less precise in the youngest children, 18 an uncertainty which has to be further investigated. Compared with the Swedish studies of children with unilateral CP, with more assessments and longer follow-up, our model estimates may be less precise, particularly at the older ages. 2, 7 Nevertheless, the overall correspondence to those studies supports our results. For children with bilateral CP, our study gives the first description of bimanual development. There is a need for more population-based longitudinal studies of longer follow-up to further explore the role of various child-related characteristics and interventions on the long-term development of children with CP. Furthermore, exploration of the changes that occur before 18 months of age could be pursued by use of similar assessments, such as the Mini-AHA and the Hand Assessment for Infants.
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CONCLUSION
This study supports previous findings about development in children with unilateral CP 2, 7 and adds new knowledge about children with bilateral CP. What this paper adds. Although the AHA and BoHA are different tests, and the data are not directly comparable, children with bilateral CP seem to change their performance over time to a smaller extent than those with unilateral CP. Furthermore, children with bilateral CP seem to reach their developmental limits around 30 months of age, regardless of MACS level. More research is needed to further explore these findings, and particularly for children with bilateral CP, more knowledge is warranted to understand their specific challenges and to explore interventions that may potentially enhance their development. Nevertheless, our results call for early hand function interventions to facilitate the long-term development of bimanual performance, with particular attention to the grasping or holding ability and the asymmetric hand use at early age. based data, and the Medical Photography Section at the University of Oslo, who provided valuable help with video transformations. GLK received a PhD fellowship from the Norwegian Research Council, through the Research Center for Habilitation and Rehabilitation Models and Services at the University of Oslo. LK-S is involved in the company Handfast AB which provides courses in the Assisting Hand Assessment and the Both Hands Assessment. The company has not been involved in, or has not funded, any part of this research. The authors have hence stated that they had no interests which might be perceived as posing a conflict or bias.
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